Abstract This study was carried out from 2003 to 2007 to understand the hydrogeochemical processes and the solute sources of the meltwaters of the Chhota Shigri Glacier, Himalaya. The meltwater is almost neutral to slightly alkaline in nature: bicarbonate and sulphate are the dominant anions, while calcium and magnesium are the dominant cations. Bicarbonate is found to be derived from carbonate weathering and partly from silicate weathering. Rock weathering followed by precipitation are the main controlling factors that influence the meltwater chemistry of this region. The relatively high values of pCO 2 reflect a higher rate of solubility in comparison to release of excess CO 2 gas to the atmosphere. The presence of active hydrogeochemical processes and sediment-water interaction results in excess solute transport through the meltwater to the Chandra River that feeds the Chenab, one of the great Himalayan river systems, and ultimately flows into the ocean. This study is the first of its kind to understand in detail the hydrogeochemical process and resultant solute load transport in this Himalayan glacier.
INTRODUCTION
Meltwater hydrochemistry and geochemistry of glaciers are significant for the water resource management of Himalayan rivers, and also help us to understand the complex weathering dynamics operating in the glacier system. The chemical characteristics of meltwater discharge from glaciers can be differentiated from other aqueous environments by their chemical activity. Geochemical analysis of meltwater near the snout generally reveals enrichment in concentration of chemical species. The amount of dissolved ion concentration present shows the intensity of effective hydrochemical reaction within the glacier system and particularly at the interface with the glacier bedrock. Silicate minerals at near-zero and sub-zero temperatures react with the water very rapidly; high dissolution of atmospheric CO 2 in this cold water supplies H + ions needed for acid hydrolysis of the minerals, during which bicarbonate, cations and dissolved silica will be released to the water (Raiswell 1984) . The snowfed streams of the Himalayas are the major source of water in most of the major river systems in the Indian subcontinent; hence, it becomes imperative to understand the hydrogeochemical processes occurring here, along with their solute transport capabilities, which in turn are likely to alter the solute loads of global ocean waters. Further, the changing snowfall pattern, lack of intense monsoonal rain and global climate change will also alter the quantity and quality of the Himalayan river systems.
Few studies have been undertaken on the hydrochemistry of glacier meltwater in the Indian Himalayas (Hasnain et al. 1989 , 2001 , Nijampurkar et al. 1993 , Bahadur 1996 , Hasnain and Thayyen 1996 , 1999 , Singh and Hasnain 1998 , Pandey 1999 , Ahmad and Hasnain 2000 , 2001 , especially with regard to understanding the hydrochemical evolution of meltwaters. For Chhota Shigri Glacier, there is very limited documented work available on the hydrogeochemistry, and that is based on only a few days' data of a single year. The present study attempts to understand the hydrogeochemical evolution and solute acquisition process over space and time using five years' data. This is probably the first attempt to understand the hydrogeochemical processes occurring in this highaltitude Himalayan glacier over a five-year period, and in a climatic zone less influenced by monsoon (monsoon-arid transition zone).
The glaciers in the Central and Eastern Himalaya are mostly sustained by the Indian Summer Monsoon system which is rooted in the larger atmospheric phenomenon, the Inter-tropical Convergence Zone (ITCZ) that arises because of the seasonal temperature and pressure differences in the northern and southern hemispheres, while the Western and TransHimalayan regions receive precipitation mostly during the winter months (December-March) due to Westerly Disturbances. These varying weather systems give rise to precipitation gradients along and across the Himalaya due to mechanical and thermal forcing. Due to their relative importance in bringing moisture to the high peaks of the Himalaya and the Trans-Himalaya, they have played an important role in defining the spatial and temporal distribution of glaciers in the past and the present.
A classification by Vohra (1996) , based on the precipitation pattern along the Himalayan arc, describes three classes:
(a) dominant monsoon precipitation areas of the Eastern Himalaya; (b) equal to sub-equal monsoon and winter precipitation areas, including the Ganga basin and parts of Himachal Pradesh (Chhota Shigri Glacier falls in this precipitation regime); and (c) dominant winter precipitation, including areas of Ladakh, eastern Spiti and Tibet.
Although, most of the international literature reveals that the major component of accumulation in the glaciers of the Indian Himalaya takes place in summer (summer accumulation type), coincident with the ablation season (Fujita and Ageta 2000) , for the glaciers in the Central, Western and Northwest Himalaya, the accumulation patterns are more varied and complex, and there are very few data on temperature or accumulation parameters at glacier elevations. During the monsoon, two general rainfall gradients are observed in the Himalaya:
(a) a decreasing east-west gradient with higher rainfall occurring near the moisture source, the Bay of Bengal, and (b) a strong decreasing south-north gradient across the range from its rain-drenched southern flank to the semi-arid Tibetan Plateau.
The south-north gradient is a consequence of orographic rainfall, whereby rising topography in the face of prevailing winds causes mechanical lifting of the humid air, cooling of the air column, condensation and precipitation. Heavier precipitation is thus induced on the windward sides of the mountain ranges as compared to the leeward side. Chhota Shigri Glacier is on the leeward side and receives less monsoon precipitation. In the winter months (December-March), the Western Himalaya receive precipitation due to the weather systems known as Westerly Disturbances that originate over the Mediterranean Sea/Black Sea/Caspian Sea as extra-tropical frontal systems (Singh and Hatwar 2005) . In these months, these midlatitude disturbances move to their lowest latitudes and follow a pathway across the northern and central parts of India, travelling in a phased manner from west to east, disturbing the normal features of the circulation pattern (Yadav et al. 2009 ); they account for snow at the higher elevations of northwest India and winter rainfall in the plains of northern and central India. Most precipitation during October-March at Chhota Shigri Glacier is due to Westerly Disturbances.
The complex precipitation patterns and their interaction with the local geological, topographic and biological systems have produced varied snow climatic zones in the Himalaya (Sharma and Ganju 1999) and have a profound impact on meltwater chemistry and discharge. Annual winter snowfall varies from 100 to >1600 cm, the highest snowfall occurring in the Pir Panjal range with higher ranges receiving progressively less snowfall (Bhutiyani et al. 2007) .
STUDY AREA
Chhota Shigri Glacier, located between 32
• 11 -32
• 17 N and 77 • 30 -77
• 32 E, with altitude varying from 4100 to 6000 m a.m.s.l., is a valley-type glacier, debris-covered in the lower ablation zone that lies in the Chandra-Bhaga River basin on the northern ridge of the Pir Panjal range in the Lahaul-Spiti valley of Himachal Pradesh (Fig. 1) . The glacier extends 9 km from the snout (at around 4000 m a.m.s.l.) to the accumulation zone near the Sara Umga Pass (4900 m), and its width varies from 0.5-1.5 km in the ablation zone to about 4.5 km above the equilibrium line (Kumar et al. 1987 , Dobhal et al. 1995 . The area of Chhota Shigri Glacier, including all tributaries, is 15.7 km 2 , with a total glacerized basin area of 16.4 km 2 (Wagnon et al. 2007) , and the equilibrium line ranges between 4800 and 5100 m a.m.s.l. (Sharma 2008) . The Chhota Shigri Glacier drains into the River Chandra. The total drainage area of the glacier basin is about 36 km 2 and the glacier occupies about 47% of the drainage area. Several supraglacial water streams are formed in the ablation zone, most of which terminate in moulins or crevasses.
Climate
There is great variability in precipitation across the Himalayas and even different ranges in the Northwestern Himalaya receive different snowfall amounts, ranging from about 100 to >1600 cm (Bhutiyani et al. 2010) . Further, the Western Himalaya is characterized by land surface/ topographic heterogeneity and, during winter, eastward-moving low-pressure synoptic weather systems, the Western Disturbances. The glacier is in the monsoon-arid transition zone and considered to be a potential indicator of the northern limits of the intensity of the monsoon (Dobhal et al. 1995) ; thus it is influenced by both the Asian monsoon in summer and westerlies in winter. Most of the precipitation falls in summer (July-September) due to the Indian southwest monsoon, but there is also a significant amount of precipitation in winter (November-February/March) due to the mid-latitude westerlies. The Chandra River valley, where the glacier is situated, is drier than the southern slopes of the Pir Panjal range due to the leeward effect of the west-east oriented main ridge that prevents part of the monsoon flux from reaching the valley (Bookhagen and Burbank 2006) .
During the study period, it was observed that, in the morning, the sky was generally clear, while a strong surface wind began to blow in the afternoon. Cumulus clouds formed during afternoons and were replaced by thick stratus clouds drifting through the Sara Umga Pass from the south that, by evening, had covered the glacier completely, reducing visibility. Winds were generally light and south to southwesterly in the morning, and gained momentum in the afternoon. Rainfall was generally little in quantity but high in frequency.
Geology
Chhota Shigri Glacier lies within the central crystalline axis of the Pir Panjal range of the Himachal Himalaya. This crystalline axis is composed mostly of meso-to ketazonal metamorphites, migmatites and gneisses (Kumar et al. 1987) . In a few places, granitic rocks of different composition and younger age indicate rejuvenation, but 3 km upstream of Chhota Dara, in the upper Chandra valley, older Palaeozoic granitic rocks are exposed (Kumar et al. 1987, Rawat and Purohit 1988) . The Haimanta Formation overlies these with a tectonic break where black slates, phyllites and fine-grained biotite-schists are exposed. The slates and phyllites show a well-developed thrust tectonic contact, which forms the crest of the northern ridge. Box-type folds with décollement are quite prominent in the Haimanta Formation. The Haimantas, which rest directly on basement rocks, are highly metamorphosed metasediments and show intense folding and shearing. The brown biotite, with a fine-grained texture, shows intense heating effects, which indicate periodic re-heating of the granite rocks below (Rawat and Purohit 1988) . The various types of granite and gneiss rocks present in the basement also indicate this. Schistose gneiss and augen gneiss have developed in the granite without any distinct margins. In Chhota Shigri, Rohtang gneiss is dominant throughout the glacier bed, while some chalcopyrite was found in the lateral moraines up to an altitude of 4700 m, and veins of stibnite were found in the granitic rocks along the right lateral moraine (Katoch 1989) .
MATERIAL AND METHODS
Meltwater samples were collected from the discharge sites (3800 m a.m.s.l.), i.e. 2 km from the snout (terminal of glacier, approx. 4100 m a.m.s.l.) each year from 2003 to 2007. Due to lack of funds, only one expedition was made in September-October of every year to obtain annual mass balance data. This was the main reason for selecting this period for sampling. In addition, September-October marks the end of monsoon and beginning of westerlies precipitation, i.e. the glacier experiences monsoon precipitation as well as that from Westerly Disturbances, so this was a chance to get the signature of both. In 2005, there was heavy snowfall prior to our field expedition and this is reflected in the water chemistry of the meltwater.
Meltwater samples were collected in 250-ml polyethylene bottles which were prewashed in distilled water and also washed with meltwater. Each year about 40 samples were collected during 10-15 days (last week of September-first week of October) and brought to the laboratory for further analysis. In the field, pH, EC and bicarbonate were measured immediately after collecting the samples, but were also verified in the laboratory. The pH of all samples was measured by a Consort microcomputer (P-307) ion meter and electrical conductivity (EC) was measured using a Pentex EC meter. Bicarbonate was measured by the potentiometer titration method. Suspended sediments were separated from the meltwater samples in the field by using 0.45-µm Millipore cellulose membrane filters of 47 mm diameter. Chloride ion concentration was measured by the mercury (II) thiocynate method (Florence and Farrar 1971) . This involves the reaction of chloride with mercury (II) thiocynate to form chloromercurate (II) complex ion with the liberation of thiocynate ions, which then react with iron (III) to give a light red colour. Sulphate concentration was measured by the turbidimetric method (APHA 1985) , dissolved silica by the molybdosilicate method (APHA 1985) , phosphate by the ascorbic acid method (APHA 1985) and nitrate by the brucinesulphanilic acid method (APHA 1985) . The content of major cations, calcium, magnesium, sodium and potassium, was determined on a GBC 906 atomic spectrophotometer (AAS). Calcium and magnesium concentrations were determined in absorbance mode and sodium and potassium in emission mode. Three replicates were run for all samples and instruments were recalibrated after every 15 samples. Reference solutions were run periodically during all analyses. The analytical precision for cations was 5% and for anions 8-10%. The cationic and anionic charge balance (10%) is added proof of the precision of the data, although in some samples the charge balance is greater than 10%, it is still less than 15%.
RESULTS AND DISCUSSION
The weathering of the rock-forming minerals, dry and wet deposition (snow, rainfall and dust) and limited anthropogenic sources are considered to be the major sources of ions in the meltwater of glaciers (Collins 1978 , Trudgill 1986 ). In general, the hydrochemistry of meltwaters helps in understanding of the overall natural solute acquisition processes.
Yearly variation
The charge balance between cations and anions of Chhota Shigri Glacier meltwater was calculated using the formula:
The charge balance of most of the samples was between 1% and 10%, and a very few samples were in the range 10-15% (Table 1 and Appendix  Table A1 ). The meltwaters are slightly alkaline, with average pH values of 7.24, 7.4, 7.4, 7.2 and 7.1 in 2003-2007, respectively (Table 1) . During acid hydrolysis meltwater becomes alkaline through its interaction with the basement rocks, where the H + ion is consumed due to higher dissolution rates in the sedimentary environment. Meybeck (1980) suggested that dissolved load is greater in sedimentary environments than in igneous and metamorphic rock environments. In 2005, snowfall was very high, which might have resulted in the high pH variability that year, since snowmelt initially reduces the pH value of meltwater (Ahmad and Hasnain 2001) . If the snow pack stays on the ground surface for a long time during winter, temperature change causes preferential leaching of ions into the meltwater.
Average electrical conductivity (EC) values for 2003-2007 were 81, 84, 109, 54 and 51 µS/cm, respectively (Table 1 ). In 2005, EC was high due to high snowfall that increased the albedo of the glacier surface, reducing the ablation rate and resulting in low discharge, which, in turn, affects dilution of the meltwater. Thus the variation in EC is related to discharge variation due to snow and ice melting processes. High temperature leads to more snowand icemelt, resulting in dilution of the solutes in the streamwater, while low temperature leads to less snow-and icemelt, resulting in higher solute loads in the meltwater stream Hasnain 1993, Singh and Hasnain 1998 The average TDS/EC ratio was 0.72 ± 0.21, confirming the reliability and quality of the analytical results. This slight difference may be either due to non-determination of some dissolved ions and/or due to the role of discharge variations in controlling cations rather than anions, as well as the diversity of ionic sources in the bulk meltwaters, including snow/icemelt and rock weathering.
The maximum TDS of meltwater was found in 2005 to be due to lower discharge; however, fluctuations in TDS were large in 2004 probably due to diurnal variation. More dilution of meltwater occurs in high-discharge compared to lower-discharge periods, and dilution has reduced ionic concentration of meltwater; thus discharge has an inverse relationship to electrical conductivity and in turn to TDS.
Temporal variations of anions and cations are shown in Figs 2 and 3, respectively. In 2003, bicarbonate (52.3%) and sulphate (30.5%), followed by phosphate (9.7%), nitrate (5.2%) and chloride (2.05%), contributed to anions, and calcium (48.3%), followed by magnesium, sodium and potassium (29.2, 13.5 and 8.6%, respectively) to cations. In 2004, bicarbonate (43.2%) and sulphate (41.5%), followed by phosphate, nitrate and chloride (7.6, 4.6, 2.9%), contributed to anions, and calcium (43.9%), followed by magnesium, sodium and potassium (30.2, 14.2, 11.5%), to cations. In 2005, the trend did not change much: bicarbonate (52.6%) and sulphate (30.3%), followed by phosphate, nitrate and chloride (9.7, 5.2, 2.1%), for anions, and calcium (48.5%), followed by magnesium, sodium and potassium (29.1, 13.6, 8.7%), for cations. In 2006, bicarbonate (68.4%), followed by sulphate, phosphate, nitrate and chloride (14.4, 9.9, 3.7 and 3.4%, respectively), contributed to anions, and calcium (55.5%), followed by magnesium, sodium and potassium (24.3, 11.2, 8.7%), to cations, whereas in 2007, bicarbonate (58.7%) and sulphate (22.5%), followed by phosphate, chloride and nitrate (10.7, 5.2, 3.1%), contributed to anions, and calcium (53.0%), followed by magnesium, sodium and potassium (25.9, 12.0, 9.0%), to cations.
The 2-, NO 3 -and Cl -, which probably indicates the negligible contribution from anthropogenic sources and the dominance of silicate weathering induced by the alkaline pH. The slow silicate dissolution as meltwater traverses through supraglacial, englacial and subglacial pathways, having variable residence times and mixing ratios in space and time, is the cause of the observed variability in dissolved silica concentration.
Trilinear classification
A trilinear diagram (Fig. 4) , also frequently referred to as a Piper diagram (Piper 1944) , provides a convenient method to classify and compare water types based on the ionic composition of different water samples (Hem 1985) using Aqua Chem 5.1 software. Cation and anion concentrations for each meltwater sample are plotted as percentages of their respective totals in two triangles and then projected into a quadrilateral polygon that describes the water type or hydrochemical facies.
In samples collected from Chhota Shigri meltwater from 2003 to 2007, the dominant cation is calcium, and the dominant anion bicarbonate, i.e. they would be classified as calcium-bicarbonate type waters. It is clear from the graph that most of the samples fall into the normal earth alkaline water group with prevailing bicarbonate and sulphate. This type of water originates through natural processes by the dissolution of carbon dioxide (CO 2 ) from the atmosphere and from the soil horizon, which causes the dissolution of the carbonate minerals, calcite CaCO 3 and dolomite (CaMg)(CO 3 ) 2 of the aquifer (Suk and Lee 1999) . The sample from 2004 shows it is earth alkaline water with increased portions of alkalis (prevailing bicarbonate and sulphate in equal amounts); this water type is characterized by its high SO 4 2-, which might be an indication of pyrite or chalcopyrite dissolution along with carbonate dissolution.
Overall, the water chemistry shows that bicarbonate and sulphate are the dominant anions and calcium and magnesium the dominant cations in the meltwater of Chhota Shigri Glacier. This is similar to available world data on meltwater chemistry compiled by Raiswell (1984) , which shows that half of the world glacier meltwaters are dominated by bicarbonate followed by sulphate. The range of percentage of cations tabulated by Collins (1979) from different drainage sources suggests that Ca 2+ is the dominant cation in approximately 88% of the Earth's meltwaters and comprises more than 70% of the total equivalents (Raiswell 1984) .
In the years 2003-2007, bicarbonate and sulphate contributed more than 75% of the total anions in Chhota Shigri Glacier meltwater, whereas (Ca 2+ + Mg 2+ ) contributed more than 75% of total cations. The Ca 2+ is released to the meltwater more readily and was greater in absolute quantities than other ions derived from partial dissolution of the suspended load. The Ca 2+ and Mg 2+ may be derived from carbonates and silicates such as pyroxene, carbonate and dolomite. Additionally, a possible source of Ca 2+ is granitic rock through weathering of biotite and feldspar (Kumar 1989) . Bicarbonate is generally the dominant ion followed by sulphate, indicating the nearly equal dominance of weathering, atmospheric precipitation and melting on the hydrochemcial evolution of the meltwater. The relative proportions of the various ions in solution depend on their relative abundance in the bedrock and their solubility.
The chemical composition of meltwater of other Indian Himalayan glaciers ( sulphate dominated over bicarbonate and sodium, and potassium dominated over calcium.
Solute sources
Solute is defined as all ions, including base cations (e.g. Ca 2+ , Mg 2+ , K + and Na + ), aqueous protons (H + (aq)) and anions (HCO 3 -, SO 4 2-, Cl -, PO 4 -, NO 3 -) and neutral species (e.g. O 2 , CO 2 , H 4 SiO 4 ) dissolved in water (Stumm and Morgan 1981) . In Chhota Shigri meltwater, the ratio of calcium, magnesium and bicarbonate is almost 1:0.6:1.3, which is close to the dolomite reaction. Pyrites were present in small veins of antimony traversing the granite bedrock, while chalcopyrite was found in the lateral moraine of Chhota Shigri Glacier (Kumar et al. 1987 , Katoch 1989 . Despite pyrite being a minor component of the bedrock, its dissociation kinetics is of several orders of magnitude more rapid than those of most other rock forming minerals (Tranter 1982) . Among the anions, bicarbonate is derived from the dissociation of atmospheric CO 2 and the dissolution of carbonatesdolomite and calcite-as well as weathering of primary and secondary minerals. The dissolved CO 2 produced bicarbonate as follows:
The carbonic acid reacts with carbonate and silicate to produce bicarbonate:
The HCO 3 -in the natural waters results from dissolution of carbonate and silicate rocks. The stochiometry of carbonate weathering reactions in the meltwater of Chhota Shigri indicates that carbonate derived from (HCO 3 )-C is moderately in excess of (Ca 2+ + Mg 2+ ). In (Ca 2+ + Mg 2+ ) vs HCO 3 -for 2003, 2005, 2006 and 2007 , the excess of bicarbonate over (Ca 2+ + Mg 2+ ) requires that part of the alkalinity should be balanced by alkali metals (Na + + K + ). This HCO 3 -might have derived from silicate weathering in addition to carbonate weathering which is compensated by (Na + + K + ). The high concentration of bicarbonate and its positive correlation with calcium and magnesium indicate carbonate dissolution as a possible source of bicarbonate, calcium and magnesium. The (Ca 2+ + Mg 2+ )/TZ + ratio is >0.7 in all years: 2003 (0.776), 2004 (0.74), 2005 (0.796), 2006 (0.79) and 2007 (0.78) ; thus it can be used as an index of significant contribution by silicate weathering (Sarin et al. 1989) . The molar abundance ratio in the silicate of the upper crust is generally 1.0 (Taylor and McLennan 1985, Singh and Bengtsson 2005) and the observed (Ca 2+ + Mg 2+ )/(Na + + K + ) ratio ranges from 2 to 5, which indicates that the source of these ions in the meltwater might be due to the combined influence of carbonate and silicate weathering. The estimated bicarbonate contribution from carbonate and silicate weathering using the method suggested by Raymahasay (1986) indicates that most HCO 3 -(79-95%) comes from carbonate weathering (Table 3 ). The different ion ratios shown in Table 4 also confirm the dominance of carbonate weathering, followed by silicate weathering, in these meltwater samples.
Sulphate is the second dominant anion. The presence of pyrite and chalcopyrite in the bedrock (Kumar et al. 1987 , Katoch 1989 indicates that oxidation of sulphides is a major source of sulphate in the meltwater of Chhota Shigri Glacier. In 2004, as in all years studied, the sulphate contribution (41.5%) almost equals that of bicarbonate (43.3%) due to prominent weathering of pyrite (Garrels and Mackenzie 1971) , and additional contributions from dissolution of atmospheric aerosols (Wake et al. 1992) . The high concentration of sulphate ions also suggests the oxidation of sulphide minerals which provide H + ions to the system for the chemical weathering (Garrels and Mackenzie 1971) . Hence the supply of the CO 2 and O 2 in the streamwater is assumed to be a fundamental control on the rate and the extent of weathering processes in the high-altitude basin.
The relative dominance of the HCO 3 -and SO 4 2-in the meltwater reflects the relative contribution of the major source of H + deriving reaction (Brown et al. 1996) . The ratio of HCO 3 -to (HCO 3 -+ SO 4 2-) (c-ratio, Table 5 ) is also used to characterize the relative importance of two major proton producing reactions, carbonization and oxidation of sulphides. The value of the ratio of HCO 3 -to (HCO 3 -+ SO 4 2-) varies from 0.5 to 0.6 in [2003] [2004] [2005] , suggesting the combined input of carbonate rock weathering and oxidation of sulphide, and from 0.7 to 0.8 in 2006 and 2007, suggesting the dominant input to be from carbonate weathering with less activity of sulphide oxidation Hasnain 1998, Ahmad and Hasnain 2001) in these years.
Other anions, such as Cl -and NO 3 -, have predominantly atmospheric sources (Tranter et al. 1993) in almost every studied year. The Cl -comes originally from sea spray then through atmospheric deposition, whereas NO 3 -comes from anthropogenic sources then wet atmospheric deposition (Wake et al. 1992) . Although the contribution of phosphate anions is high, the source is not confirmed. A possible source might be phosphatic nodules, but this has not been reported so far in the available literature on Chhota Shigri Glacier region.
The (Na + + K + ) vs Cl -ratio in Chhota Shigri meltwater shows that the values are moderately high (Table 4) , indicating a lower input from sea spray and evaporate deposits. The meltwater shows a higher Na + /Cl -ratio: from an average of >6 in 2003 to 2.5 in 2007 (Table 4 ), suggesting that the sodium in meltwater resulted from silicate weathering. The Na + /Cl -ratio is >3, because there is little sodium in the precipitation in this region due to the distance from the sea. Sarin et al. (1992) suggested that the atmospheric contribution of Na and K in the Himalayan region are almost 20%, whereas Ca and Mg are limited to 5%. Data for atmospheric inputs show Na + and K + ratios with Cl -are 1.0 and 0.2, respectively (Pandey 1999) , which are very low relative to 2-6 in Na + /Cl -and 2-3 in K + /Cl -(not shown) from our results. The Na + /Cl -ratio is >1 in the majority (80%) of samples where the sodium input of meltwater results from silicate weathering, but a few samples (20%) have a ratio <1 showing the contribution from aerosols, which could be of marine origin or from anthropogenic sources and dry deposition processes. In the meltwater of Chhota Shigri Glacier, potassium is least abundant among cations in all sampling years (2003) (2004) (2005) (2006) (2007) . According to Meybeck (1984) , in silicate weathering a quarter of the potassium comes from igneous and metamorphic silicates, so the source of potassium should be weathering of silicate minerals and clay.
The (Na + + K + ) / (Na + + K + + Ca 2+ ) vs TDS plot (Gibbs 1970, Fig. 5) shows that precipitation, followed by rock weathering, control the solute concentration of this meltwater. The role of chemical weathering in controlling meltwater chemistry may be attributed to high meltwater flushing rates, an abundance of finely-ground, geochemically-reactive suspended sediment resulting from physical abrasion and crushing, turbulent meltwaters capable of mobilising these sediments and providing a rough water surface for air-meltwater gas exchange, and the generally low buffering capacity of meltwaters.
Diurnal variation
Analyses of instantaneous observations of electrical conductivity and discharge at the discharge site indicated an approximately inverse relationship between electrical conductivity and discharge, but detailed analysis showed that the relationship was not perfectly inverse (Appendix, Table A1 ). The diurnal cycles followed the same pattern in every year of data collection, with low discharge in the morning and the highest in the afternoon; sometimes evening discharge rates were similar to afternoon discharge. The EC was found to be highest in the morning, followed by a gradual decrease due to change in temperature and resulting melting. These inverse relationships between EC and discharge are shown in Fig. 6 . This might be due to dilution; in high discharge periods meltwater is more diluted than in lower discharge periods. The variation in EC is related to snow and ice melting processes: high temperature leads to a higher degree of snow and ice melting and results in dilution of the solute in the streamwater, and vice versa Hasnain 1993, Singh and Hasnain 1998) . The intra-annual relationship between EC and discharge follows the same trend, but when compared with the inter-annual relationship, it is more complex and difficult to find any existing trend.
Variation between years
There is less variation in EC even though discharge variation is very high (Fig. 6) . In 2003 In , 2004 , EC varied very little, while discharge varied almost three-fold (Fig. 7) . This variable discharge is probably controlled by melting rate, as well as englacial reservoirs that flooded and contributed to discharge. For these years, there is no simple relationship between EC and discharge. These shifts were usually gradual, but, because of the absence of long periods of continuous data, are difficult to explain. Generally, EC represents the mixing of englacial and subglacial flow components of roughly constant conductivity. Thus these changes can be interpreted in terms of the gradual re-routing of one or both of these components before they reach the discharge site of the glacier. To fully understand re-routing of flow, we would need continuous data sets for englacial and subglacial hydrology. The changes in EC during the study period 2003-2007, may be explained by re-routing of the englacial flow component. This hypothesis is reinforced by the fact that, during this period, a clear increase in discharge was observed at the discharge site. Moreover, the abrupt complementary changes in conductivity and the observed sudden increase in discharge could be explained by a rapid form of the same mechanism; i.e. a sudden re-routing of englacial water including temporary storage of some of the water during this re-routing.
Effective CO 2 pressure
The "partial effective CO 2 pressure" or "internal CO 2 pressure" (logpCO 2 ) in Chhota Shigri Glacier over five years was computed from the pH values and HCO 3 concentration (Table 6 ). The average pCO 2 value for meltwater of Chhota Shigri Glacier was slightly higher (10 -2.7 -10 -3.0 ) than the atmospheric value (10 -3.5 ), indicating open system weathering. It is universally observed that streamwaters show disequilibrium with the atmosphere (Garrels and Mackenzie 1971, Raymahasay 1986 ). The slightly higher values of pCO 2 could be explained by the relatively higher rate of solubility in comparison to release of excess of CO 2 gas in a turbulent and low-temperature environment (Stumm and Morgan 1970) . High pCO 2 values are also likely to arise from the coupling of sulphide oxidation and carbonate dissolution. Further, in glacial environments (extreme cold), CO 2 has a relatively higher rate of solubility in comparison to release of excess of CO 2 gas to the atmosphere (Stumm and Morgan 1981) . Holland (1978) also observed that the release of excess CO 2 gas to the atmosphere in turbulent water is very low in glacial environments. 
CONCLUSIONS
The data presented herein relate to observations recorded during the months of September and October over five years. Diurnal observations show that discharge is lower in the morning and increases in the afternoon due to the change in temperature, which has a great influence on snow-and icemelt at the glacier surface. During low discharge, EC is high, but it is less during high-discharge periods due to dilution. In 2005, high snowfall (positive mass balance) induced low discharge and the average EC was high. During high snowfall, the albedo of glacier surfaces increases, resulting in less melting. Calcium is the dominant cation, as in other Indian glaciers. Sodium is dominant over potassium, due to its high mobility and the weathering of silicate minerals of the igneous and metamorphic rocks. Sodium and chloride ratios are high, indicating low contributions from atmospheric input (especially for Na). Most of the sodium comes from weathering of sodic plagioclase, but the chloride source is atmospheric. Bicarbonate is the dominant anion, followed by sulphate. In three years (2003, 2005 and 2007) , the ratio Ca-Mg-HCO 3 was 1:0.7:1.3, indicating their similar sources, i.e. weathering of primary and secondary minerals. Most of the SO 4 2-in all years is derived from the oxidation of sulphides such as pyrite and chalcopyrite. The SO 4 2-is approximately in equal proportion to bicarbonate suggesting that some sulphate might have been derived from dissolution of atmospheric sources, i.e. due to release of protons. The meltwater is almost neutral to slightly alkaline in nature, induced by bedrock weathering. Most of the carbonate is derived from carbonate weathering, followed by silicate weathering. The high ratios of (Ca 2+ + Mg 2+ ) to (Na + + K + ), and (HCO 3 )-C to (HCO 3 )-Si, indicate that the meltwater chemistry is controlled by complex weathering processes.
In general, chemical weathering seems to dominate and control the meltwater chemistry. Also, all cation and anion concentrations were at their maxima in the morning and at their minima in the afternoon during the study period, indicating the role of meltwater flushing rates through the glacier and variable mixing of different flow components. Note: The EC min., max. values in Table 1 were calculated based on data collected between 23 September and 10 October for all the studied years (2003) (2004) (2005) (2006) (2007) ; however, in Table A1 , the EC min., max. values have been calculated only for those data for which discharge data were also available between the above mentioned dates. Min.: minimum; Max.: maximum; Ave: average; SD: standard deviation.
